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AN INVESTIGATION OF THE MAXIMUM LIFT OF WINGS AT SUPERSONIC SPEEDS]

By Jms J. GALLAIXIEE and JAMES N. MUDLLBFt

SUMMARY

An exploratq inves@z&m w carried out in the Langley
9-inch supersonic tunn.e.lto &i&mine the maximum lift of
wings operati~ at supersonic speeds. A variety of wing
phn form of random thickness d%rih5ms were tested at
Mach munbers of 1.66, 1.90, and $.S??and at RqPwi& num-
bers varying between 0.74 Xl@ and 0.$7XIO0 ai angltx of
attack ran@ng from zero up thr~h t.h angle a$which muxi-
mum lift occurred. In general, at tie Mach numbers the
value of maximum lijl coq%+ent was approximatdy 1.06-!-
0,06; it appeared to be independent of plumform and d+xreamd
slightly wii!.hh.creming Mach number. No diwontinuities in
lift occurredfrom zero a~le of& through maximum lijl,
which was ati!ainedat an a~b of&k of apmximaldy 40°.
In the Mach number range twted, the lift eurme rmined
linear for a~les of &k m high w 20° to 30°. Lij%drag
ratbs at maximum liji were of the order of 1.0.

Subsequentpressuredisbibution tati on wings of triangular
and rectm@ar plan forma were mude at a Mach number of
.8.40. The re8ult8 of these teAs subsilzniiatedthe values of
maximum lifi obtainedduring theforce W andfurther showed
M appreciable center-of-premwe shijl over the entire angle-of-
attack range.

INTRODUCMON

The dcaigner of supersonic aircraft-particularly the
guidecl-rokile designer-is interested in the maximum loads
that can be withstood on wings operat@ at ~supemonic
speeds. The need for such maximum-load ii@m@ion is
obvious in determining the mtium aeceleratiom”ihat can
be withstood by supersonic aircraft and in the structural
design of aircraft components. In order to provide maxi-
mum-lift and drag information, force tests of 11 wings were
made in the Langley 9-inch supersonic tunnel up to high
angles of attack. Only available models were used; hence,
no comprehensive study of plan form or wing section was
made. Subsequent tests were made on two pressuredisti-
bution models of rectangular and trkmgular plan forms.

SYNHIOLS

A aspect ratio, b2/i3
b maximum wing span, ft
0. drag coefficient, Drag/@
0. lift coefficient, Lift/@
G pitching-moment coefficient, Pitching mornent/qi3’c

maximum wing chord measured in streamwise direc-
tion, ft

strewn Mach number

prwsure coefficient, ~

~“stream static pressure, lb/sq ft
local static pressure, lb/sq ft

stream dynamic pressure, ~PV2, lb/sq ft

Reynolds number referred to c, pVc/p
wing area, sq ft
maximum thiclmess of wing, ft
thiclmws ratio of wing in stream direction
stream veloci~, ft/sec
spanwise coordinate measured horn wing center

line, ft
angle of attack, dog
triangular-wing semivertex angle, deg
wing-tip angle measured from stream direction, deg
sweep angle of leading edge, deg
stream viscosity, lb-sec/ft2
stream densi~, slugs/cu ft ;.

APPARATUS AND TEST ‘MIITHODS ‘.

DESCRIPTION OF TUNNEL

The Langley 9-inch supersonic tunnel is a closed-return
wind tunnel in w,tich the humidity and temperature of the
air can be controlled with suitable drying and cooling equip-
ment. The test Mach number is varied by the use of
interchangeable nozzle blocks which form test sections
approximately 9 inches square. Models are mounted in the
tunnel on shielded stings, and the forces are measured on a
three-component balance system. The range of the ex-
ternally controllable angle+f-attack mechanism is + 5°.

DESCRIPTION OF MOD- AND SUPPORTS

The force-test models are shown in @we 1,and pertinent
dimensions are given in table I. The two trapezoidal wings
(0=30° and 0=40°) were made by obliquely cutting off the
tips of rectanguk- wings which had symmeticrd circular-arc
airfoil sections. The trapezoidal wings were tcded with
both blunt and beveled tips. The rectangular wings had
symmetrical oircular-arc airfoil sections. The 63° and 45°
swept wings had modiiied symmetrical circular-arc airfoil
sections perpendicular to the leading edges. The modi&a-
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tions entailed rounding the leading edges and beveling th
tips. The 36° swept wing had the same airfoil section an(
tip bevel as the other swept wings, but its tips were cut oi
pmallel to the stream direction. The triangular wings wer
flat plates with the leading edgesbeveled slightly and roundw
off and the tmiling edges beveled to a sharp edge. A mor
complete description of the 63° and 45° swept and triangula
wings is given in reference 1.

Various stings (fig. 2) were used to support the models fo
the force tests. Most of the tests were made with sting
shielded by the short windshield shown in figure 3; howevw
some teats were made with the long windshield shown iI
figure 4. The_combinations of the various wings and thei
supports are summarized in table H.

Photographs of the pressure-distribution models are shorn
as iigure 5, and pertinent dimensions are given in table I
Measurements of the pressure distribution over the win{
were made by means of orificeg located in one surface of th~
semispan of the wings at the positions shown in figure 6. 1
complete set of oriiices was placed in only one surface iI
order to simplify the design and cons@ction of the models

These prawnwdistribution models were supported fron
the side walls of the tunnel by means of struts. The struti
were hinged from the side wall of the tunnel to provide ~
mems for changing the angle of attack and served aaconduiti
for the pressure tubes.

TEST METHODS

Because of the limited range of the tunnel angle-of-attack
mechanism (+ 5“), some means which would allow highm
angles to be reached had to be devised for the force teats,
The angle-of-attack range was covered by bending the
stings (fig. 2) successively in 10° increments and fig in
smaller incremental angles with the angle+f-attack mech-
anism.

The first set of data taken at M=2.32 by using sting A
showed displacements of successive groups of teat points in
the lift results as shown in @ure 7. These displacements in
the lift results suggested that the forces on the sting might
be larger than had originally been expected. The mtium
displacement of the testipoint groups in the region of maxi-
mum lift occurred for the wing of smallest area (fig. 7 (b))
and was of the order of 6 percent. In general,-only small
displacements are to be noted in the drag curves.

Because of the displacements in the tesbpoint groups
indicated in the results at JI=2.32 when sting A was used,
sting B (fig. 2) was used in the next seriw of teats at .M=l.55
(fig. 8) in an attempt to reduce the forces on the model
support. The m&nmm displacement of the test-point
groups in the region of mtium lift occurred, as in the
teds at Lf=2.32, for a wing of small area but was about 5
percent (fig. 8 (b)). The displacements for most of the
cm&urations, however, were considerably less. The dis-
placements in the drag te+point groups were again small as
compared with those in the lift results.

Although the shorter sting reduced the magnitude of the
&continuities in the lift curves, the absolute values of the
forc~ on the model supports were still not known. In an
attempt to evaluate these forces, eight pairs of static oritices

were installed on sting B and tests were made at M= 1.6Fi
for the configurations indicated in table IL The corrected
lift data are shown in figures 8 (a,), 8 (b), 8 (f), and 8 (g).
The loig windshield waa also used in tests in an attempt to
minimize the forces on the model support as much m possible
and to provide an additional comparative value of lift C1OSO
to mtium lift.

The WZtaat M=l.55 showed good agreement between ~ho
values of maximum lift obtained by correcting for the sting
pressures and by using the long windshield; therefore, in
the next seriesof tests, the long windshield waa used to obtain
check data. I?or the tests at ill= 1.9o, sting B was again
employed and, because of the reduction in the magnitude of
the lift-curve displacements in going from sting A to sting
B, a still shorter model support, sting C, ww also employed.
The tests at .M= 1.90 were made at angles of attnok in the
region of maximum Liftonly. (See fig. 9.)

During the pressuredistibution tests, data were obtained
on the models by varying the angle of attack of the con-
figurations through the desired range. Became the wing
was equipped with pressure oriilces on only one surfwe of
the semispan, it was necessa~, in order that comploto
pressure distributions might be obtained, to make teats at
both positive and negative angles of attack. Subsequently,
the data at negative and positive anglea of attnck wero
combined to form complete pressure diagrams such as those
shown in figure 10.

PRECISION OF DATA

It should be realized that the primary purpose of the tests
was to obtain values of maximum lift. Data obtained at the+
lower angles were not expected to be so accurate as those
obtained at the higher angles because the test technique
employed waa one of convenience. Furthermore, no reason-
able values of pitching moment for the force tests were ob-
tained because the lack of sufhient instrumentation made
it impossible to evaluate the magnitude and location of tho
remdtantforce on the sting.

The totaI forces on the models and supporta were meaeumcl
m self-balancing beam scales. The maximum probable
XTorsin the scaIe measurements are of the order of a small
hction of 1 percent of the forces at maxinum lift rmd thus
~ppear to be negligible in comparison with the other errom
nvolved in evaluating the forces on the model supports.
rhe d.ifhrences in values obtained by the various model-
wpport schemes thus remain the only means of judging tlm
wwracy of the maximum-lift results.

From the considerations of the various faotms entering
nto the pressure measurements made on the wings, the
inal values of pressure coefficient P are estimatad to ropro-
ent conditions existing in the teats to within *0.006.
lecause of uncertainties involved in fairing and integrating
he pressure-distribution diagrams, the integrated force
oeflhients are less accurata than the pressure measure-
mentsthemselves, although quantitative limits are diiiicult
o define.

MAXIMUM LIFT

The lack of any previous information on maximum lift
t supersonic Mach numbers made the check tests in this
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investigation necessary. Most of the information regarding
accuracy was obtained at M= 1.55;however, some addi-
tional checks were made at M= 1.90. At maximum lift
the data, corrected on the basis of a few pressure measure-
ments on the sting (shown in figs. 8 (a), 8 (b), 8 (f), and 8 (g)),
checked the uncorrected lift values to within 5 percent, ex-
cept for the trapezoidal wing for which there was an 8-percent
discreprmcy. The pressure forces could have been evaluated
precisely by taking sufficient pressure readings along the
sting but the process would have been prohibitively tedious.
Thus, because of the unlmown precision of evaluating the
lift component of the sting pressure forces, an evaluation
of the precision of the uncorrected results is not directly
possible. The fact that the pressure corrections have taken
most of the 100-increment displacements out of all the lift
curves (with the exception of fig. 8 (b)) does, however, lend
credence to the validity of the pressure corrections.

It appeara from the data that the cli.flerencebetween the
uncorrected and corrected values of maximum lift is indi-
cated as a reduction in the corrected value of about 5 percent.
The data obtained with the long windshield covering the
stings fell botw-een the uncorrected data and the data cor-
rected by use of the sting pressures. The long-windshield
data differed by 2 to 4 percent from the uncorrected data
with the exception of the trapezoidal wing which still dis-
agreed by about 8 percent. Further check tests at M= 1.90
(fig. 9) with the long windshield checked the uncorrected
lift data obtained with sting B within approximately 7
percent or less, and sting C, within 3 to 4 percent. Since,
in general, the various methods show a scatter in the order
of 0.06 for maximum lift coetiicient, it is felt that the results
are probably sign&ant to 0.05.

DRAG AT MAXIMUM LIFT

An insuilicient number of prwsure tubes were installed
on the stings to allow a reasonable value of sting drag to be
obtained from integration of these pressures. The only
method thus rmilable of evaluating the accuracy of the
sting drag is by comparing data obtained with the long and
the short spindle windshields. Figures 8 (a), 8 (b), 8 (f), and
8 (g) show that the uncorrected drag obtained with the short
spindle windshield is about 4 to 8 percent higher than the
d~ta obtained with the long windshield. Tests made at
M=l .9o show approximately the same error (fig. 9).

~ AT LOW ANGLES

Tho magnitude of the sting forces at the lower angles of
attack could not be very easily evaluated; thus, data in
roferonca 1 for identicd wings with short stings are used for
a check. The only wings in reference 1 for which a reason-
able angle-of-attack range was tested were the triangular
wings (e=26° and c=45°) at M=l.43 and M=l.71. Gm-
parisons of low-angle data (a=OO to 4°) show that the valuea
of the lift and lift-curve slopes herein presented at M= 1.55
with sting B are about 9 to 11 percent lower than those in
mforence 1, for which a direct interpolation for Mach num-
ber was made. Although the two configurations do not
afford conclusive evidence as to the accuracy of the data,
the other data will probably compare equally as wall in
precision. Furthermore, the checks were made with the
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‘@Y of sm~er area for wfich the sting forces represent a
greater percentage of the total force; thus, the data for the
wings of larger area are probably more accurate.

DRAG AT LOW ANGLRS

Drag checks at the lower angles of attack similar to the
lift checks were made by using the data presented in reference
1. The values of drag coefficient (M=l.55) with sting B
were compared with those of reference 1. The drag-
coefficient values obtained from reference 1 were corrected as
indicated therein.

values of minimum drag coefficient presented in this
report are approximately 0.01 higher than those of reference
1. This higher drag is probably due to diilerences between
the sting configurations. The stings in the present tests
were much longer than those in reference 1; in addition, at
zero lift, the sting for the wings in reference 1 was at an
angle of attack of 0°, whereas, for the present data at zero
lift, the rear portions of the stings were at an angle of attack
of –5°. values of minimum drag coefficient taken from
the curves in this report will probably be too high and of
doubtful value.

STREAMSURVRYS

Stream surveys have indicated slight variations in stream
Mach number and static pressure in the test section. The
mtium variations measured for the test sections of the
nozzles used in these tests are as follows:

-
Lb5 +!2.6 da
LW +0.5 +L 5
232 +0.4 +L5
a.40 +0.5 +L5

I I

It is felt that these variations do not affect the data to a
sufficient extent to warrant discussion relative to the present
teds.

RESULTS AND DISCUSSION

Force and pressure-distribution results for the various
wings tested are presented in figures 8, 9, 7, and 11 for
Mach numbers of 1.55, 1.90, 2.32, and 2.40, respectively.
The Reynolds number per inch of chord for the test models
varied between 0.37X10° at M=l.65 and 0.26X 108 at
M=2.40. The maximum Reynolds number attained in these
tests was 0.74X 10° for the 63° sweptback wing at a Mach
number of 1.55.

~ RESULTS

Maximum-lift region.-The value of the maximum lift
coefficient for all force-tem$ configurations was practically
constant for each Mach number regardless of the plan form.
The maximum lift coefficient did’ vary slightly with Mach
number and tended to decrease as the Mach number became
greater. At a Mach number of 1.55, an average value of
maximum lift coefficient for all cordigurations of approxi-
mately 1.10 was obtained; this value decreased to 1.05 at
M= 1.90 and decreased further to 1.00 at M=2.32. Table
lIt summarizes the values of maximum lift coeilicient for
the various configurations at each Mach number. The
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angle of attack at which maximum lift coefficient occurred
was approximately 40° for all Mach numbers and con-
figurations, and the lift curves remained continuous through-
out the angle-of-attack range.

In figure 11 the lift resultsobtained for wings of rectangular
and triangular plan forms by mems of pressure-distribution
measurements are shown. The mminmm lift coefficients
obtained for the pressure-distribution wings corroborate the
force data.

Low-angle region.-The experimental lift curves, when
faired through the intermediate values of each test-point
group, me linear up to anglea of attack as high as 20° for the
63° sweptback wing at i14=l.55 and to 30° for the triangular
(6=26°) and 63° sweptback wings at ilf=2.32. b general,
the trend of the lift curves for all the wings was to remain
linear to highar angles of attack as the Mach number in-
creased. Comparisons of theoretical and experimental lift-
curve slopes show the theoretical slopes to have deviations
horn CLmaximum of 50 percent greater (for the trapezoidal
wing, 0=40°> and tips bev&d) to 6 percent less (for the
trapezoidal wing, 8=30°, and tips not beveled) than the
experimental slopes.

The experimental lift-curve slopes herein presented for the
triangular wings (E=260 and E=45°) at ikf=l.55 show
deviations of 10 to 20 percent, respectkly, less than the
linear theory, as compared with corresponding deviations of
approximately 18 percent greatm and 10 percent less for
identical triangular wings of reference 1 at M= 1.43.

No general consistency is observed between the experi-
mental and theoretical lift curves among the various plan
forms or for given plan forms at the diiferent Mach numbers

DRAG RE9UL’I’S

The drag tare forces appear to be much more inlhmnced
by sting length than the lift forces in the maximum-lift
region, and an insufficient number of check points were
obtained to give any reasonable value of drag coefficient for
which a comparison could be made.

The value of the drag coefficient obtained at mfium lift
is approximately 1.0; however, no significant indication of the
variation of drag for any configuration with Mach number
can be deduced because of the d.ifi%rentsting lengths used at
the various test Mach numbers.

Lift-dr%g ratiosof the order of 1.0 were obtained at mw-
imum lift. No significant diflerencw in the value of this ratio
are noted with change in plan form and Mach number.

cEN’rRR-oF—PRE9mnmRESULTS

The variation of the center of pressure ovm the angle-of-
attack range is shown in @urea 11 (a) and 11 (b) for the
rectanguhw and triangular wings, respectively, used for the
pressuredistribution tests. The rdts indicate an almost
negligible change in location of the center of pressure over
the entire angle-of-attack range for the rectangular wing and
show an overall rearward tiavel of about 6 parcent c for the
triangular wing.
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SCHLIER~ PHOTOGRAPHS

Schlieren photographs of plan and side views of two of the
configurations at M= 1.56 are shown in figure 12 with both
vertical and horizontal knife edges. The pictures mainly
Aow by the strong shock ahead of the wing that, as would be
expected, the wings constitute a very large disturbance to
theflow. It appears that not a great deal can be learned from
thwe schlieren photographs because the flow about the wing
is three-dimensional.

CONCLUSIONS

Supersonic-tunnel force tests to determine the mrdnum
lift of 11 wings of various plan forms and thickness distribu-
tions at Mach numbem of 1.55, 1.90, and 2.32 and at
Reynolds numbers varying between 0.74X 106and 0.27X 10°
have indicated the following conclusions:

1. The average value of maximum lift coefficient was ap-
proximately 1.o5+ 0.05 and appeared to have no significant
variation with plan form; however, the value decrmsed
Jightly with increasing Mach number.

2. The lift curve remained linear for angles of attack as
high as 20° to 30°, and no discontinuities in lift occurred
from zero up to and slightly above maximum lift.

3. Maximum lift was not obtained until an angle of attack
>f approximatdy 40° was reached.

4. Lift-drag ratios of approximately 1.0 were obtained at
ntium lift.

Pressure-distribution tests conducted at a Mach number
]f 2.40 and Reynolds number of about 0.6X 10° to detefie
he maximum lift of a rectangulm and a triangular wing havo
ndicated the following conclusions:

1. The pressure-distribution results corroborate closely the
naximum lift vadues obtained in the force tests.

2. Centar-of-pressure travel over the entire angle-of-attack
wqge up to and including maximum lift was small.

hm3LEy hRoNAmcAL LARORATORy,

NATIONAL ADVISORY CoMMImm FOR AERONAmCS,

LANGLEY FIELD, VA., October17, 1947.
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TABLE IL-TEST CONFIGURATIONS TABLE 111.-MAXIMUM LIFT-COEFFICIENT VALUES
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FIWJRE I.—General view of force-tat models.

L 3F=

I?mmm 2.—Various stings used in tests. Stings bent 45°.

\-J_ . _ ..-..—.

(a) Stiif! c.

1

FIQUEE 3.—Trinnguk wing ‘moun;&i on various stin~, showing

support shield and short spindle windshield used in the tunnel tests.

+. ...
.,:$.‘. ““”-~;:*- ‘“: “ :~;;;’,. ;+ -,, .. .,w , .,.
-.. . ,., .-

(b) Sting B.

FICiIJRE 3.—Conoluded.

I
4>\_ -

-I.

-1,

L- 53606

FIGURE 4.-Long spindle windshield used to covor sting supports.



AN INVESTIGATION OF THE MAXMUld IJIY.P OF WINGS AT SUPERSONIC SPEEDS 483

Top view L-85297

(o) - Bottom view L-85298.— ___

Top view L-85294

.k!l. —.– . __!2!!!w_uK ‘ 3L-8529

(a) Triangularwing. (b) Iteotangularwing.
FIQTJBES.—Pho@rapheof preemre-dstribution mod~.
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b - ~A “32 .62 %

.Sdm A-A

Sedim A-A

(a) Triangular wing; eE31.50. Double-wedge tiofl .WCtiOW

(b) Reotangulm *. Circular-am airfoil seotfom
~mnm 6.—DhnenEionrd skeiwhes of pr ~tribution models.

(AU dimensions are in inches)
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(b) Triangular wing; e=31.5°; t/c=O.10;Reynolds number, 0.78 X lfY; C= determined about 0.66cpoint.
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